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Abstract: Background: Although various advanced FIB processing methods for the fabrication of 3D 
nanostructures have been successfully developed by many researchers, the FIB milling has an 
unavoidable result in terms of the implantation of ion source materials and the formation of damaged 
layer at the near surface. Understanding the ion-solid interactions physics provides a unique way to 
control the FIB produced defects in terms of their shape and location. 
Methods: We have carefully selected peer-reviewed papers which mainly focusing on the review 
questions of this paper. A deductive content analysis method was used to analyse the methods, findings 
and conclusions of these papers. Based on their research methods, we classify their works in different 
groups. The theory of ion-matter interaction and the previous investigation on ion-induced damage in 
diamond were reviewed and discussed. 
Results: The previous research work has provided a systematic analysis of ion-induced damage in 
diamond. Both experimental and simulation methods have been developed to understand the damage 
process. The damaged layers created in FIB processing process can significantly degrade/alter the 
device performance and limit the applications of FIB nanofabrication technique. There are still 
challenges involved in fabricating large, flat, and uniform TEM samples in undoped non-conductive 
diamond.  
Conclusions: The post-facto-observation leaves a gap in understanding the formation process of 
ion-induced damage, forcing the use of assumptions. In contrast, MD simulations of ion bombardment 
have shed much light on ion beam mixing for decades. These activities make it an interesting and 
important task to understand what the fundamental effects of energetic particles on matter are. 
 
Keywords: focused ion beam; ion irradiation damage; diamond; TEM; molecular dynamics; ion 
bombardment. 
 
2 
 
1 Theory of ion matter interaction 
When an energetic ion strikes the matter, the ions lose energy immediately by means of both 
nuclear and electronic interactions with the substrate atoms transferring energy and 
momentum. The primary nuclear interactions lead to the displacement of the target atoms 
from their original positions and the creation of vacancies in the target material if the 
transferred energy exceeds the target atomic-mass-dependent and angular-dependent 
displacement energy Ed. If the energy transferred to the primary atom µknocked on¶ is 
sufficiently high, the secondary, tertiary and higher order atomic knock-ons take place which 
refers to the energetic atomic collision cascade as schematically shown in figure 1. The 
displaced atoms may run out from the surface which is known as sputtering. The implantation 
of the incident ions and the process of vacancy-interstitial creation lead to the disorder of the 
local crystal structure in terms of condensed matter phase transition, amorphization, swelling 
and/or other physical changes depending on the type of target material as well as the ion beam 
processing parameters.  
 
 
Figure 1: Schematic diagram of the various processes that occur during ion-material 
interaction. 
Briefly the mechanism operating to slow down incident ions and to dissipate ion energy can 
be classified into three categories: elastic collisions process (nuclear stopping), inelastic 
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collision process (electronic stopping), and charge exchange process. The energy loss process 
can be expressed as: 
argeExchangeloss Elect Nucl Ch
dE dE dE dE
dX dX dX dX
§ · § · § · § ·  ¨ ¸ ¨ ¸ ¨ ¸ ¨ ¸© ¹ © ¹ © ¹ © ¹            (2-1) 
where 
Elect
dE
dX
§ ·¨ ¸© ¹ is loss due to electron, nucl
dE
dX
§ ·¨ ¸© ¹ is loss due to neutron, and 
argCh eExchange
dE
dX
§ ·¨ ¸© ¹ is loss due to charge exchange. Since charge exchange loss represents a 
small fraction of total energy loss for low charged ions, it can be neglected. 
The nuclear energy transfer occurs in discrete steps as a result of elastic collisions where the 
energy of the incoming ion is lost to target atoms by momentum transfer. The electronic 
energy loss occurs as a result of inelastic scattering events where the transfer of energy occurs 
through electronic excitation. 
Figure 2 shows the electronic and nuclear stopping curves for Ga ion in single crystal 
diamond calculated by SRIM [1] software. At low energy regime the stopping power is 
proportional to the velocity of the ions. The nuclear energy loss attains a maximum value 
(around 50 keV) and gradually decreases with the incident energy. However, for the 
high-energy regime the electron energy loss dominates the energy transfer process because 
the velocity of the incoming ion becomes comparable to that of the orbital electrons. For 
material removed by the collision cascade, the optimized energy is normally in a range of 
10±100 keV [2]. The electron energy loss is smaller than the nuclear energy loss and hence it 
has a negligible contribution to the energy transfer in low-energy regime. 
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Figure 2: The electronic and nuclear stopping curves for Ga ion in single crystal diamond 
calculated by SRIM (using 52 eV for the displacement energy). 
2 Experimental study on FIB-induced damage in diamond 
In recent decades, a variety of techniques including Raman spectroscopy [3, 4], optical 
measurements [5], atomic force microscopy (AFM) [6, 7], scanning electron microscopy 
(SEM) [7], and transmission electron microscopy (TEM) [8-10] have been developed to 
investigate the ion-induced damage in diamond substrates caused by gammas[11], 
neutrons[12], electrons [13], protons [14] and ions [8-10] under different scale of energies. 
There is also a body of work looking at the radiation hardness of diamond in particle detectors 
for use in high-energy physics, nuclear and medical applications [15-17]. However, due to the 
inherent differences in the beam species and energies, there are remarkable differences in the 
characteristics of ion-induced damage when using different kinds of ion beams. Since the 
commercial LMIS based Ga+ FIB beam normally has a voltage ranging from 2 kV to 30 kV, 
the ion-solid interaction in a typical FIB milling process is governed by the nuclear energy 
loss at the surface of the solid [18].  
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2.1 Formation of a-C and the required critical dose 
In typical LMIS based Ga+ FIB beam milling process, the energy transferred by the incident 
Ga+ is usually sufficient to break the C-C bond leading to the displacement of lattice atoms, 
surface sputtering and creation of craters and hillocks, formation of point defects, and the 
initiation of other secondary processes. These dynamic effects are transient. The displaced 
atoms may partly re-order into different characteristic arrangements of atoms when the 
density of point defect is sufficient high. A residual damaged layer is then formed at the near 
surface comprised mostly of vacancies and interstitials. 
Admas et al. [19] has used TEM to study the amorphous carbon (a-C) layer in diamond 
created by FIB milling. The thickness of the a-C layer varies at different sites on rough 
surfaces, and a larger amorphous layer was found when a small local incident angle of ion 
beam was applied. A 20% reduction in the thickness of a-C layer was found when using H2O 
assisted FIB milling [19], indicating that a reactive sputtering during the H2O assisted FIB 
milling process can suppress the formation of damaged layer. 
Brunetto et al. [4] studied the ion-induced amorphization of diamond (CVD diamond) by 
in-situ Ramon spectroscopy. The energies of impact ions (H+, He+, and Ar+) ranging from 30 
keV up to 200 keV were used. Amorphous carbon was formed when a threshold of damage 
density of 2.0 × 1022 vacancies/cm3 was reached. In order to further determine the 
amorphization threshold for ion implantation in diamond, Rubanov et al. [9] investigated the 
ion-induced damaged layers in a synthetic type1b diamond substrate under eight different ion 
doses via a combination of cross-sectional TEM imaging and electron energy loss 
spectroscopy (EELS) analysis. The ion dose ranges from 6.0 × 1014 to 1.0 × 1016 ions/cm2. 
Their results show that amorphization threshold for ion implantation in diamond at room 
temperature was determined to be 5.2 × 1022 vacancies/cm3. The thickness of the damaged 
layer grew with the ion dose and achieved an equilibrium value of 44 nm for continuous 30 
keV Ga+ FIB milling [9]. 
Mckenzie et al. [8] studied the FIB irradiation of a single crystal natural conductive diamond 
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under 30 keV Ga+ focused ion beam through scanning transmission electron microscopy 
(STEM), EELS, and electron backscattered diffraction (EBSD). The results show that the near 
surface microstructure varied with the increase of ion dose. The critical dose for the 
amorphization of the diamond substrate was found to be 2.0 × 1014 ions/cm2. A stable 
amorphous layer (thickness of 35 nm) was found at a high dose (1.0 × 1015 ions/cm2). The 
hydrogen and oxygen contents were found within the amorphous carbon layer [8].  
Most recently, Tong et al. [20] carried out a series of TEM inspections to measure the 
FIB-induced damage layer in a single crystal diamond tool under different FIB beam voltages 
8 kV, 16 kV and 30 kV (figure 3). They characterized the FIB-induced damage layer using a 
FEI Nova 200 nanolab dual beam FIB system which point resolution is 2.4 nm and line 
resolution is 1.5 nm. The results indicated that during FIB processing cutting tools made of 
natural single crystal diamond, the energetic Ga+ collision will create an impulse-dependent 
damage layer at the irradiated surface. For the tested beam voltages in a typical FIB system 
(from 8 kV to 30 kV), the thicknesses of the damaged layers formed on a diamond tool 
surface increased from 11.5 nm to 27.6 nm. The research findings provided the in-depth 
understanding of the wear of nanoscale multi-tip diamond tools which has been observed in 
[21]. Because the macroscopic and microscopic properties of the amorphous carbon are quite 
different from the diamond bulk, this damaged layer (doping with implanted Ga) would get 
wear first during the nanometric cutting. A lower sputtering energy and post ion polishing 
process were suggested in the FIB-based nanoscale tool fabrication process to improve the 
tool life by minimizing/removing the surface residual a-C layers. 
From the research work discussed above, it is also noted that the threshold value of ion dose 
between the nature single point diamond and synthetic diamond such as CVD diamond are 
quite different. This is mainly because of the difference in the density of these two kinds of 
diamond materials. The thickness of a-C layer was found to mainly depend on the beam 
voltage, the sputtering environment and the surface tomography of diamond. The anisotropy 
of diamond materials and big challenge of TEM sample preparation also bring research 
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difficulties in exploring the full map of FIB-induced damage in diamond. 
 
Figure 3: EFTEM images of the ion-induced damage areas. (a) The TEM sample after 
thinning; (b)-(d) are the EFTEM images showing the ion-induced damage layers formed 
under beam voltages of 8 kV, 16kV, and 30kV, respectively [20]. 
2.2 Effect of implantation of Ga 
Apart from the amorphization in diamond, there are additional effects which are caused by the 
implantation of ion source atoms. For example, adding of ion species into the sample can 
change the chemical composition, optical, magnetic, electrical, and mechanical properties of 
FIB fabricated products. 
Gnaser and co-workers [22] reported a fluence-dependent evolution of the implanted Ga 
concentration in nanocrystalline diamond films by SIMS. A linear increase of the Ga peak 
concentration with fluence was found up to ~2.0 × 1016 ions/cm2 and the Ga content 
approached a saturation level at about 2.0 × 1017 ions/cm2. Hamada et al. [15] reported that 
the accumulation of implanted gallium ions would degrade the stability of applicable electric 
field of micro structures fabricated in an undoped diamond substrate. A combination of high 
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temperature annealing in high vacuum with a following chemical treatment with acid and 
alkaline solutions can effectively remove the implanted Ga atoms. Similarly, Philipp et al. [23] 
observed Ga segregation in FIB modified tetrahedral amorphous carbon (ta-C) films. The 
implanted Ga was segregated at ta-C surface due to the phase separation of Ga and C. The Ga 
droplets were transformed into spherical shaped dots at a high temperature (above 300 °C). 
The size and the height of Ga dots segregated on the surface increased with the increase of 
annealing temperature. Unocic and co-workers [24] studied the effects of gallium focused ion 
beam milling on preparation of aluminium thin foils and identified that the implanted gallium 
will concentrate on the surface, grain boundaries and interphase boundaries of sample (figure 
4). Low-energy Ar ion nanomilling is potentially can be used for removing gallium 
implantation layers of aluminium thin foils. Kupfer et al. [25] proposed a FIB-only approach 
for the fabrication of diamond micro-cantilevers and pointed out that the contamination with 
the gallium ions in diamond can be effectively eliminated by high temperature thermal 
treatment (above 500 °C). 
 
Figure 4: DF STEM micrographs showing the presence of distinct gallium clusters within 
grain boundaries distributed in discontinuous manner along a grain boundary viewed in (a) 
edge-on and (b) inclined orientations [24].  
Recently, Xu et al. [26] investigated the FIB-induced damage in diamond tool used in 
nanometric cutting and reported that the tool wear may result from the a-C layer created 
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during FIB milling process. Through MC simulation, they pointed out that decreasing the FIB 
processing energy can reduce the Ga+ implantation depth as well as the thickness of a-C layer. 
Kawasegi et al. [27] reported that the doping of gallium ion in a diamond tool (type 1b (1 0 
0)-oriented single crystal diamond) can increase the adhesion of work materials to the tool 
surface, which would result in a rapid diamond tool wear at the gallium rich area. A 
combination of 500 °C heat treatment and aluminium deposition layer was demonstrated to be 
an effective method to eliminate the non-diamond phase of the FIB irradiated diamond 
surface and results in the improvements in terms of tool life and the surface quality and 
accuracy of the machined part. Additionally, Buckmaster and co-workers [28] has taken the 
advantages of Ga accumulation to fabricate nanodots by spatially controlling Ga implantation 
into SiO2 using a FIB followed by vacuum annealing (as shown in figure 5). These nanodots 
can be potentially used as Ga-based semiconductor quantum dots and also as a catalyst for 
nanowire growth. 
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Figure 5: (a) SEM image of 200 nm by 2 µm trenches patterned by systematically increasing 
the Ga doses for each trench show a critical Ga dose for nucleation and also a linear decrease 
in the average number of nanodots (average of three identical sets of patterns) per trench with 
increasing dose; (b) the AFM and SEM images of an array of self-assembled capped Ga 
nanodots formed at the intersection of 2.5 nm deep FIB patterned trenches [28]. 
3 Atomistic simulations of ion bombardment 
In order to probe areas outside the range of the experimental observation, different kinds of 
computer simulation methods have been developed to examine the mechanism of ion 
penetration and ion-induced damage in various materials. Binary collision approximation 
(BCA) and molecular dynamics (MD) are the two major simulation methods.  
In both BCA and classical MD simulations the interactions between atoms in the sample are 
(a) 
(b) 
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described by interatomic potentials. The essential difference between these methods is how 
the atom motion is considered. BCA method approximates the full atomic dynamics of a 
material by a series of binary collisions. It provides a computationally efficient means for 
examining the transport of energetic ions by neglecting many possible body effects[1, 29]. 
MD methods describe the interactions between atoms involved in ion collision process more 
realistically, requiring much larger amounts of computer capacity than the BCA method [30]. 
The forthcoming sections will point out the principle and problems of BCA simulations in 
calculating ion collision, and illustrate why MD method is suitable for the study of energetic 
ion bombardment events by reviewing the significant results obtained from typical MD 
simulations. 
3.1 Binary collision approximation method 
In BCA calculations the movements of incident particles are usually treated as a sequence of 
independent binary collisions. For each individual collision the classical scattering integral is 
solved for a given impact parameter between the moving atom and a stationary atom in the 
target material by numerical integration [31]. The impact parameters of the next colliding 
atom and the atomic type used in the scattering integral are determined either from a 
stochastic distribution (such as the Monte-Carlo algorithm used in programs like 
TRIM/SRIM[1, 32], or in a way that considers the crystal structure of the matter (such as the 
method used in MARLOWE [33] and Crystal-TRIM [34, 35] where the atoms are either 
frozen at the ordered lattice sites or oscillating with the Debye frequency). Because the 
solution of the integral of motion results in precise scattering angles for both the projectile 
and the target atoms, as shown in figure 6, a fairly reliable prediction of ions penetration 
depths and formation of point defects in implanted materials can be achieved for almost all 
cases of interest. Owing to its high computational efficiency in defect cascade simulations, it 
stands as a significant method particularly for calculating high-energy (MeV) ion behaviour 
[36]. Most recently, in the newly reported multiscale scheme, the BCA method can be used 
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combined with MD simulations to include multiple scales in dimensions during high energy 
ion irradiation [37, 38]. 
 
Figure 6: The TRIM simulation results of 30 keV Ga ion sputtering single crystal diamond 
process. (a) the trace of implanted Ga particles; and (b) the distribution of residual damage layer. 
(Displacement energy 50 eV, lattice binding energy 3 eV, surface binding energy 7.5 eV) 
 
Nevertheless, the BAC method has some inherent obstacles in describing the slowing-down 
process of energetic ions realistically. The first and the most important one is the basic 
assumption of binary collisions when trying to build a model taking multiple atomic 
interactions into account. It also makes it impossible to distinguish a cascade when it goes 
from the linear cascade to the heat spike regime [22, 36]. The scattering integral also does not 
allow for incorporating angle-dependent potentials, which significantly limits its capacity to 
describe covalently bonded materials like silicon and diamond [30, 39]. Moreover, although 
basically BCA models can estimate the overall spatial distribution of vacancy-like and 
interstitial-like damage by counting recoils that exceed the threshold displacement energy, it 
cannot distinguish the atomic structure of these defects [40]. In some cases, the defect 
distribution information can be irrelevant or meaningless. For example, the BCA simulation is 
able to predict the production of point defects in diamond created by the heavy ion irradiation. 
However, it is not able to pinpoint the location of a vacancy or interstitial in an amorphous 
zone and cannot identify whether local phase transition takes place. Additionally, the 
algorithm describes the atoms binding at surface in the same way as the inside atoms. 
(a) (b) 
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Therefore, it is problematic when describing the sputtering or other surface effects [41]. In 
contrast, MD simulation which can describe the non-equilibrium ballistic motion of high 
energy ions as well as the subsequent thermalization of the ions is ideally suited for the 
modelling of ion bombardment, and have emerged as the main computational tool for the 
study of irradiation effects [42]. 
3.2 MD modelling of ion bombardment 
In MD simulation, movements of all atoms are calculated. The full many-body dynamics in 
an atomic system is simulated with the accuracy limited only by the reliability of the 
interaction Hamiltonian employed [29]. The time evolution of an atomic system is calculated 
by numerically solving Newton equations of motion in a step-by-step fashion.  
In fact, since MD developed as a technique in the 1950s, it has been used to study the 
irradiation effects such as the phase transitions in hard spheres system [43], the thermal spike 
in irradiated metals [44], and many-processes in an energetic displacement cascade [45]. The 
major boom in MD simulations begins in the 1980s when the computer capacity was 
sufficient to monitor a system of thousands of atoms. Harrison et al. [46] carried out MD 
simulations to investigate the sputtering of metals and rare gases, and initially revealed the 
channelling and blocking mechanisms for ion stopping and the emission patterns of particles 
from single crystals. Rubia et al. [47] built a large scale MD model to fully contain the 
collision cascade and demonstrated the existence of the local melting in copper cascades 
created by 3 keV and 5 keV collisions. In the mid-1990s, numerous studies examined the 
defect and dislocation production in collision cascades [45, 48, 49] and illustrated local 
melting in a large variety of other materials [50, 51].  
In addition to the thermal spike and its effect, other aspects such as the formation of defects, 
their spatial configuration and properties, and the phase transformations have also been 
investigated. A distinct mechanism of atom mixing in a displacement cascade, such as recoil 
implantation, cascade mixing, and thermal spike mixing was schematically shown in figure 7. 
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It is reported that the cascade mixing theory yields reasonable agreement with experiment, 
however, the mixing value is far too small for those materials where thermal spikes are 
important [45]. Ghaly et al. [52] further pointed out that the formation mechanism of damage 
product at near surface was different from those in the bulk.  
 
Figure 7: Schematic depiction of the three mechanisms of ion beam mixing: (a) recoil 
implantation; (b) cascade mixing, and (c) thermal spike mixing. 
 
Moreover, the motion and clustering of vacancies and interstitials [53], annealing [54] during 
the formation process of the stable amorphous zone in a collision cascade has also been 
studied by MD simulations. In contrast to the annealing effects observed for FCC 
(face-centred cubic) metals where both interstitials and vacancies were pushed toward the 
centre of the liquid region, in silicon the amount of new damage created by a cascade is 
roughly independent of the number of initial point defects (as shown in figure 8). The 
amorphization of Si under low-energy recoils (about 3±15 eV) can also lead to a significant 
thermal dynamic recrystallization component during ion irradiation [55].  
 
(b)  (c)  (a)  
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Figure 8: Snapshots of a 5 keV Au cascade (left column), and Si cascade (right column. The 
cascade is clearly less dense and well defined than in gold, and much more damage remains 
afterwards [54]. 
 
These research works contributed a lot towards the understanding on the fundamental 
processes of ion-induced defects production. However, the spatial and time scales of these 
early models were too small to fully track the whole process of multi-particle collision. The 
rapid progress in developing the computer power capacity in recent years, especially the 
development of parallel computing cluster technique, has largely increased the size of 
computing domain and enabled the promised elucidation of multi-particle ion collision 
processes. Since then many research papers started to address the damage creation in various 
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target materials under different irradiation conditions. 
Kalish and his co-workers [56, 57] simulated the ion-induced damage in diamond and the 
thermal annealing process. The disrupted region (amorphous carbon) was rich in sp2-like 
(graphitic) bonds, and the <1 0 0> split interstitial with a bonding configuration resembling 
graphite was found to be the most stable defect (figure 11). The phase transformation between 
sp2-bonded and sp3-bonded Carbon atoms depended significantly on the density of point 
defects created by the implantation levels [58, 59]. The damaged region collapses to graphite 
when the vacancy density exceeds a critical density of vacancies, whereas it regrows to 
diamond structure upon annealing for lower damage levels [58, 59].  
 
Figure 9: (a) Structure of the sample before any displacement (The direction of displacement 
is indicated by the arrow). (b) Structure of the damaged area obtained from knocking the 
marked (in green) atom with energy of 60 eV. Atoms remaining sp3 bonded are drawn in blue. 
The displaced atom, now a member of a split interstitial is drawn in green, and sp2 bonded 
atoms are drawn in brown [56]. (Reproduced under the permission from Copyright© 
2016 World Scientific Publishing Co Pte Ltd) 
 
Satake et al. [60] studied the influence of computational domain and empirical potential 
function on the accuracy of simulation results (40 keV Ga+ impact silicon). The results show 
that a combination of ZBL (Ziegler, Biersack and Littmark) and Tersoff potential functions 
can offer more accurate description of the collision process than other tested potentials. They 
further studied the effect of ion influence on the hillock structure (as shown in figure 10) [61]. 
(a) (b) 
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Li et al. [62] compared the structural change of amorphous carbon when using different 
potential functions and recommend Tersoff potential for modelling ta-C. Large-scale MD 
computational domain was reported to be able to help express accurately the stopping of 
incident ions [60] as well as the fully track of thermal spike [63].  
 
Figure 10: Effect of ion influence on the hillock structure [61]. 
Most recently, many research works were focused on the influence of beam processing 
parameters on the structure and properties of irradiated materials. Some recent research work 
also reported the effects of ion fluence and acceleration energy of incident ion on the Si 
surface deformation as shown in figure 12 [61, 64]. Li and co-workers [65] studied the effect 
of incident angles of energetic carbon atoms (0-60°) on the structure and properties of 
diamond-like carbon (DLC) film. The surface roughness and the porous structure were 
increased with the incident angle. A significant reduction of residual compressive stress was 
found when an incident angle of 45° was used, implying the great potential of controlling 
incident angle to improve the adhesive strength of DLC film.  
3.3 Key parameters in MD simulation of ion bombardment 
The ion spatial discription, boundary conditions and potential functions are the key 
parameters for a successful MD simualtion of ion bombardment. According to the ion spatial 
distribution, the ion collision model can be broadly classified into indirect collision model 
(figure 11(a)) and direct ion collision model (figure 11(b)). For indirect collision model, the 
spatial distributions of impact ions are not considered. The ion source material is usually the 
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same as the substrate material. The ion collision was performed as a local heating spike[66] or 
sudden shaking of the atoms at collision centre[54, 67]. These kinds of models have 
advantages when describing the thermal spike and the recrystallization of atomic defects 
during ion irradiation processes. However, it is quite difficult to describe the whole process of 
the FIB milling process such as the sputtering and ion pulse related phenomenon.  
In contrast, the direct collision model proposed by some researchers [20, 61, 68] recently 
were able to describe the whole collision process considering the spatial distribution of impact 
particles and the interactions between the incident particles and the workpiece atoms. In these 
models, the ion fluence was calculated as the number of collision atoms from the irradiation 
area. Thus, the results predicted by these kinds of models can be compared with experimental 
results potentially. However, the difference in the time scale is a big challenge for a 
quantitative comparison between the experimental and simulation results. 
 
Figure 11. MD simulation models for ion irradiation. (a) Indirect collision model and the residual 
defects in diamond [67]; (b) Direct ion collision model and the sputtering process of Si [61]. 
MD simulations are usually carried out in a 3D cubic box having three different zones: 
(a) 
(b) 
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boundary atoms zone, thermostatic atoms zone, and Newton atoms zone. The boundary atoms 
are kept fixed in their initial lattice positions, serving to maintain the symmetry of the lattice. 
The thermostatic atoms are used to simulate the thermostatic effects of the bulk and guarantee 
the equilibrium temperature to approach a desired value. The workpiece is represented by the 
1HZWRQ DWRPV ZKLFK DUH DVVXPHG WR IROORZ WKH FODVVLFDO 1HZWRQ¶V VHFRQG ODZ RI PRWLRQ
computed from the interatomic forces described by potential functions.  
For the energetic ion collision process, it is important to make sure that the system size is able 
to track all the stopping processes of incident particles as well as the entire collision cascades 
happening subsequently. In a typical FIB machining process, each incident Ga ion will create 
a damaged region along its trajectory in the target material. As a result, small systems cannot 
be used in a full analysis of collision cascades, and the thickness of the substrate built in a 
MD system needs to be large enough for multi-particle collisions. Recently, Smith et al. [63] 
pointed out that there is no fixed rule for boundary condition and system size as long as the 
lateral cascade never reaches the edges of the system. Thus, the boundary influence is 
negligible when the boundary atoms are sufficiently far away from the cascade. Since the 
kinetic energies of incident ions and the properties of target materials are the two major 
impact parameters determining the actual range of collision cascades, the system size and the 
boundary condition should be calculated by a numerical experimentation.  
Moreover, the accurate level of MD simulation results depends significantly on the selected 
potential function. The potential function in an MD simulation is a description of the terms by 
which the particles in the simulation will interact. In recent decades, many empirical and 
semi-empirical potential functions have been developed to approximate atomic force fields 
for large atomic aggregates. According to the number of atoms considered in computing the 
interaction atomic forces, the potential functions can be broadly classified into pair potential 
functions and many-body potential functions. The pair potential functions only consider 
interactions between the particles of the system in pairs. The classic examples of such pair 
potential functions are the non-bonded Lennard-Jones potential function [69, 70] and the 
20 
 
Morse potential function [71, 72]. The many-body potential functions include the effects of 
three or more particles interacting with each other. An example of such a potential for 
covalent materials is the Tersoff potential function [73]. Other examples are embedded atom 
method (EAM) potentials [74] and Tight-Binding Second Moment Approximation (TBSMA) 
potentials [75] which are widely used to describe ductile metals and alloys.  
Table 1 lists the potential functions used in the MD simulation studies of energetic ion 
collisions performed so far with highlighting remarks. Various potential functions have been 
developed and used in the previous research works. Most recently, Satake et al. [60] 
compared the influence of potential functions on the energy transition and indicated that a 
combination of the Tersoff potential with the ZBL potential (named Tersoff.ZBL potential) 
has the best results among other tested potential functions. 
Table 1: Main potential functions for the simulation of ion collision 
Case 
(Ion source/Workpiece) 
Potential function for  
Ion-workpiece 
Potential function for  
workpiece-workpiece 
Details 
Ga/Si Lennard-Jones Tersoff 
S. Satake et 
al. [60] 
Ga/Si Tersoff Tersoff 
Ga/Si ZBL Tersoff 
Ar/Si ZBL Tersoff 
S. Satake et 
al. [61] 
Ar/4H-SiC ZBL Tersoff 
S. Satake et 
al.  [76] 
Ga/Si Tersoff.ZBL Tersoff.ZBL 
A. Burenkov 
et al. [77] 
Ga/Si ZBL Tersoff.ZBL 
M.F. Russo Jr. 
et al. [78] 
 
 
Considering the factors discussed above, Tong et al. [20, 68] developed a multi-particle 
large-scale ion collision model to study the dynamic creation of atomic defects leading to the 
amorphization of single crystal diamond under different beam voltages (figure 12). The 
spatial distribution of Ga+ was considered as random distribution with a circular cross section 
above the diamond substrate. A single ion collision model was built to obtain necessary 
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parameters for building the multi-particle ion collision model, for example the minimum time 
step, the size of the simulation box, the time of relaxation process required between each ion 
collision etc. The Ga stroked the diamond substrate one by one. The formation of atomic 
defects, the thermal spike and the recrystallization of atomic defects have been observed 
during each single ion collision process (figure 13). Moreover, the results showed that the 
defects created inside diamond matrix increased with the increase of ion dose and 
approaching a stable value. When the material removal rate reaches the damage formation 
rate, a stable a-C layer is likely to be obtained. This ion-induced dynamic equilibrium damage 
process in diamond found in simulations was qualitatively supported by the ion 
fluence-dependent amorphization of diamond substrate observed in previous experiments[8, 
22]. The thickness and the amorphization level of the dynamic equilibrium damage layer 
depend significantly on the applied beam voltage. 
 
Figure 12: The program flowchart for building the multi-particle collision model [68]. 
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Figure 13: Molecular dynamics simulations describing the temperature evolution and the 
recrystallization process for the single Ga particle collision of diamond. Inset (a): the local 
view of the temperature during the temperature spike phase. Inset (b): the initial defects 
created when the local temperature has reached the peak value of 1221.2 K at 0.036 ps; this 
highest temperature region is shown by the encircled line. Inset (c): the defect configuration at 
the stage of the peak disorder of the lattice achieved at 0.094 ps. Inset (d): an intermediate 
phase during the recrystallization process observed at 0.15 ps; Ga particle stopped inside the 
diamond bulk at this stage. Inset (e): the residual atomic defects after the system cooled down 
to 293 K at 18.0 ps. The cyan atoms represent the dangling bonded C atoms and purple atoms 
represent sp2 bonded C atoms. The C atoms of perfect diamond structure are removed from 
the visualizations [68]. 
4 Challenges in ion-induced damage study  
The previous research work has provided a systematic analysis of ion-induced damage in 
diamond. However, due to the challenges involved in fabricating large, flat, and uniform TEM 
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samples in undoped non-conductive diamond, particularly the beam drift caused by 
electrostatic charging of diamond, the experimental research on the FIB-induced damage in 
single crystal diamond is limited. Moreover, in a typical FIB irradiation experiment, only ion 
dose is measurable during the test. The attempts to detect phase transformation that might 
occur during FIB processing diamond, are often disconnected from physical observations. 
The post-facto-observation leaves a gap in understanding the formation process of 
ion-induced damage, forcing the use of assumptions. In many cases, the average results 
measured by experiments will hide the fact of dynamic damage processes in target materials 
under different irradiation conditions. In contrast, MD simulations of ion bombardment have 
shed much light on ion beam mixing for decades. These activities make it an interesting and 
important task to understand what the fundamental effects of energetic particles on matter are.  
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